Response surface methodology was used for the evaluation of the effects of various factors on the synthesis of biodiesel catalyzed with immobilized lipase from Rhizomucor miehei in a solvent-free system. The production of biodiesel was optimized and model response equations were obtained, enabling the prediction of biodiesel production from the values of the four main factors. It would seem that the reaction temperature and the amount of water predominantly determined the conversion process while the methanol/oil molar ratio had no significant influence on the reaction rate. The temperature and amount of water showed negative interactive effects on the observed reaction rate per amount of enzyme. However, there were no significant interactions among the other variables according to the test of statistical significance. The highest yield of 10.15 mol kg -1 enzyme was observed at 45 °C with a 6:1 methanol to oil molar ratio and with no added water in the system.
INTRODUCTION
Biodiesel (fatty acid methyl esters), used as alternative diesel engine fuel, has become increasingly important due to the diminishing petroleum reserves and the environmental consequences of exhaust gases from petroleum-fueled engines. Biodiesel has several advantages: it comes from renewable sources and, as such, it does not contribute to new carbon dioxide emission, it is biodegradable, its combustion products have reduced levels of particulates, carbon monoxide, sulfur oxides, hydrocarbons and soot. 1 Industrially, biodiesel is produced by the methanolysis of waste oil using alkaline catalysts. 2 There are several drawbacks to this conventional chemical production, such as the cost of the refined feedstock, the recovery of glycerol, the # Serbian Chemical Society member. *Corresponding author. E-mail: zknez@tmf.bg.ac.yu necessity to exclude the catalyst, undesirable side reactions, removal of inorganic salts and high reaction temperature. To overcome such drawbacks, there have been some attempts to develop and optimize methods for the production of biodiesel from a variety of lipids via different chemical or enzymatic catalysis. 3, 4 Although the concept of biodiesel production without the use of any catalyst in supercritical methanol seems to be a very promising approach, the consumption of methanol was relatively high and the method required a high temperature of 350 °C and a pressure of 45 MPa, which would increase the production costs. 5 Due to the high-energy costs of chemical processes, the application of lipase in the oleochemical industry has become more attractive. The employment of lipases as biocatalysts allows mild reaction conditions and easy recovery of glycerol without purification or chemical waste production. 6, 7 Considerable research has been performed on the transesterification of vegetable oils and animal fats with different acyl acceptors using various free or immobilized lipases as catalysts in organic solvents or solvent-free systems. 8−10 However, the majority of enzymatic syntheses of biodiesel were performed in organic solvents, which are not suitable from the application viewpoint because of the toxicity and flammability of the solvent, damaging effects on the environment and consequential requirement for solvent removal. Thus, to enable enzymatic processes to be competitive, enzymatic solvent-free systems have been developed. 7,9−13 It was shown that immobilized Rhizomucor miehei lipase (Lipozyme RM-IM) is a suitable catalyst for the alcoholysis of several oils and fats with primary alcohols in n-hexane. 14 Alcoholysis with relatively long-chain linear alcohols proceeds efficiently even in an organic solvent-free system but organic solvent-free methanolysis typically does not give high conversions. 15 The main obstacle for using methanol as a substrate is its detrimental effect on the lipase activity, as several studies reported that a high methanol concentration could lead to serious inactivation of lipase. 11, 15 In order to circumvent this limitation, a three-step batch methanolysis process was developed and conversions of around 80 % were achieved even without solvent. 8 Additionally, the possibility of increasing the yield of methyl esters by a surplus of methanol was studied. 8, 9 However, like most studies dealing with enzymatic methanolysis of vegetable oils, the experiments were based on the conventional one-at-a-time variation of the parameters, which often does not demonstrate the interactive effects of the parameters. Considering the high demand and benefits, improved knowledge of the relationships between the important transesterification variables and biodiesel yield is necessary to develop an efficient lipase catalytic process.
In this study, the effects of various factors on the methanolysis of sunflower oil by a commercial lipozyme lipase from Rhizomucor miehei was studied in a solvent-free system. Response surface methodology (RSM) and 5-level-4-factor central composite rotatable design (CCRD) was performed to evaluate the effect of each of the analyzed factors, as well as the interactive effects of these factors on the synthesis of the methyl ester. This kind of experimental design reduces the number of experiments to be preformed, thus reducing the costs, and gives knowledge of the interaction among the variables within the studied range. Although an increasing number of results published in the field of biodiesel synthesis in an organic solvent are based on experimental design, 16, 17 a systematic study related to the transesterification of vegetable oil with the immobilized R. miehei lipase in a solvent-free system has not hitherto been performed.
EXPERIMENTAL

Materials
Commercial lipase from R. miehei immobilized on a macroporous anion exchange resin (Lipozyme RM-IM) was kindly gifted by Novo Nordisk (Bagsvaerd, Denmark). Refined sunflower oil "Sunce" (Sunce a.d., Sombor) and methanol (purity > 99.8 %, Sigma, USA) were used as the reactants for the enzymatic reaction. Methyl myristate (Fluka, Switzerland) was used as the internal standard. All other chemicals were of reagent-grade.
Alcoholysis reaction
The synthesis was performed in 100 ml stoppered flasks, as a three-step methanolysis process. The first portion of methanol and the total amount of oil were added at the start of the reaction; the second portion of methanol was added after 10 h, while the third portion was added after 25 h, according to previously obtained results. 18 The total reaction time was 50 h. Appropriate amounts of enzyme, methanol and water were added in the reaction media according to the experimental design (Table I ). The amount of enzyme varied from 1-5 %, water 0-10 % and substrate molar ratio 3-9. The mixture was agitated on a shaker at 150 rpm at different temperatures (25-65 °C).
Analysis of the samples
The contents of methyl ester in the reaction mixture were quantified using a GS Varian 3400 instrument with a fused silica capillary column (5 m×0.53 mm×0.5 µm). The column temperature was held at 60 °C for 1 min, then heated to 110 °C at 50 °C min -1 , heated again to 170 °C at 4 °C min -1 and then raised to 340 °C at 20 °C min -1 and maintained at this temperature for 45 min. The temperatures of the injector and detector were set at 300 °C and 340 °C, respectively. Methyl myristate served as the internal standard.
Experimental design and statistical analysis
The experiments were conducted employing a central composite design, which aids the investigation of linear, quadric and cross product effects of four factors, each varied at five levels. 19 The factors studied were enzyme concentration, water concentration, methanol to oil molar ratio and temperature during the transesterification reaction. The assay conditions for the reaction parameters were taken at zero level (center point), level one (+1 and −1) and level two (+2 and −2) (Table I ). The design of the experiments employed is also presented in Table  I . For data evaluation, response surface methodology (RSM) was used, and a second order polynomial equation was tested (for both response variables). The coefficients of the response function and their statistical significance were evaluated by the method of least squares using MATLAB software (version 6.5, Release 13, The MathWorks, Juc, Matick, MA, USA). Only the significant terms (p ≤ 0.05) were considered for the final reduced model. Response sur-faces and contour plots were obtained using the fitted model, by keeping two independent variables at a constant value while changing the other two variables. The Fisher test was used to determine the adequacy of the model and the Student distribution to evaluate the significance of the coefficients. Rate of biodiesel production per enzyme amount mmol h -1 g -1 1
35 In this study, response surface methodology was used to optimize and understand the relationships between the important reaction parameters in the lipase-catalyzed transesterification of sunflower oil with methanol in a solvent-free sys-tem. The objective was to obtain basic information concerning the relationships between these variables and the response (the reaction rate), aiming at a better control of the enzymatic process.
Based on the experimental results, two models were obtained. The first one presents the influence of individual and interactive effects on the reaction rate and the second one presents the same effects on the reaction rate per unit amount of enzyme. The second model allows the economic efficiency of the process to be optimized, since the cost of the enzyme represents a significant constituent of the overall costs of the process.
Statistical analysis was performed on the experimental results and the main and interaction effects of the variables were estimated. The amount of the enzyme had the largest influence on the reaction rate. Temperature and the amount of water had the next largest linear effects. The methanol to oil molar ratio did not significantly influence the production of biodiesel. An insignificant factor, but with a very high value, was the interactive effect between temperature and water content.
After eliminating the insignificant terms based on the composite rotatable design, a second order model (Eq. 1) was obtained with three significant parameters, without interactions:
where Y 1 (mmol h −1 ) is the rate of biodiesel production.
The response surface and contour plots of the predicted reaction rate as a function of process variables obtained from RSM analysis are presented in Fig. 1 . Over the entire investigated range of enzyme concentration, the yield of the transesterification increased with increasing amount of enzyme in the reaction mixture ( Figs. 1a and 1b ). On the other hand, the effects of reaction temperature and amount of added water were described with quadratic equation with minimum values. The minimum rate of biodiesel production was achieved at 52 °C and 6.7 % of added water, while high rates were observed at high water content and a low temperature or at a low water content and a high temperature (Fig. 1c) .
The transesterification reactions were performed over a wide range of temperatures, i.e., from 25 to 65 °C. The response surface plot (Fig. 1a) clearly shows that increasing the temperature first led to a steep decrease of the rate of production of biodiesel until 45 °C. Further increasing of the temperature resulted in a slight increase of the rate of synthesis. The highest activity in examined temperature range was observed at the lowest applied temperature of 25 °C. The highest activity of the immobilized R. miehei lipase at the lowest employed temperature suggests that the lipase, like some other lipases, such as that from Psendomonas cepacia, 17 Candida rugosa 20 or porcine pancreatic lipase, 21 was inactivated when it was subjected to a higher temperature for a long period. It is clear that significant parameters in the second model are temperature, water content and the interactive effect between temperature and water. From the experimental data and after eliminating the insignificant parameters, for the analysis of the factors on the reaction rate per unit amount of enzyme, the second order model (Eq. 2) with two significant parameters together with their interaction was obtained:
is the rate of biodiesel production per unit amount of enzyme. The effect of both significant parameters on the specific rate of biodiesel production is illustrated in the response surface plot given in Fig. 2 , from which it can be observed that high yields were obtained at low temperature and high water content or vice versa. Comparing the two obtained models, it is clear that in the first model the amount of enzyme is the most significant factor with positive effect on the production rate of biodiesel, whereas in the second model it did not influence the production rate of biodiesel per unit amount of enzyme. These findings indicate that, although with increasing amount of enzyme in the system the rate of biodiesel production was increased, it is not economically justified. However, reports can be found that increasing the enzyme concentration up to 30 % led to an increase in the yield of biodiesel. 7 This implies that the rate of transesterification per unit amount of enzyme should be the response variable of choice in the development of the best method for evaluation of the effectiveness of a production process of biodiesel.
In both models, the methanol/oil molar ratio (3:1-9:1) was not a significant factor for the synthesis of biodiesel. In a majority of related studies, the methanol/oil molar ratio significantly influenced the yield of methyl esters. For example, Soumanou et al. also investigated the influence of methanol on the yield of biodiesel, with the same lipase, and obtained best results with 3:1 methanol/oil molar ratio. 8 In this case, the enzyme concentration was significantly higher (10 %), and even a slight increase of excess methanol resulted in the almost complete inactivation of the lipase. In a different study, the best results were obtained at 4:1 alcohol/oil molar ratio with an even higher amount of enzyme (27 %). However, the activity of the immobilized enzyme from Candida antarctica decreased at higher methanol concentrations (5:1 and 6:1). 10 The addition of water exhibited a negative effect on the reaction rate. The highest activity was achieved without addition of water to the reaction mixture ( Figs. 1b and 1c ). Increasing the amount of added water up to 6.5 % led to a steep decrease of activity but further increase of the amount of water led to a slight increase of the transesterification activity. Such a behavior is a consequence of the complex reaction mechanism of enzymatic transesterification. 22 The amount of water in the system should be a compromise between minimizing hydrolysis and maximizing enzyme activity for the transesterification reaction. 11 Immobilized enzymes, however, show the highest activity in low-water systems. The highest initial rate of the transesterification reaction using immobilized Psendomonas fluorescens was achieved at 0.3 % of added water. 23 The capability of lipase from R. miehei to catalyze reactions at exceptionally low activity of water, a w , was documented in a previous study. 24 It was reported that the enzyme remained highly active at a water activity below 0.0001.
In this study, according to the test of statistical significance, only one interactive effect was observed, i.e., a negative interactive effect between the temperature and water content on the reaction rate per unit amount of enzyme. It can be seen from the response surface (Fig. 2 ) that a higher reaction rate could be obtained at a high temperature and low water content, or vice versa. The transesterification activity of lipase R. miehei rapidly decreased with the combined increase of both the amount of water and temperature, probably due to lipase denaturation. Additionally, with excess water, the hydrolysis of methyl esters is favorable, especially at high temperatures.
CONCLUSIONS
The response surface methodology proved to be a valuable tool for evaluating the effects of various factors on the lipase-catalyzed synthesis of biodiesel fuel from sunflower oil. The reaction temperature and the amount of added water significantly influenced the rate of biodiesel production and these effects were adequately described by a quadratic model. Most importantly, RSM enabled the determination of a negative interactive effect between temperature and the amount of water, which would have been unseen in a classical investigation of the effects by variation of one factor while keeping the other parameters at fixed values. Thus, the highest yield of biodiesel was achieved at 45 °C and without water addition. Additionally, the results of this research imply that the choice of output parameter is of crucial importance, since different models were obtained with two particular response variables. The enzyme concentration had the most pronounced effect on the rate of biodiesel production but had no effect on the rate of biodiesel production per unit amount of enzyme. This fact implies that enzymatic synthesis of biodiesel with high amounts of lipase is not economically acceptable in a batch process, in spite of a certain increase of the product yield. Циљ овог рада била је оптимизација процеса синтезе биодизела коришћењем имобилисане липазе из Rhizomucor miehei. У овом раду испитан је утицај основних процесних параметара на принос биодизела: температуре, моларног односа метанол/уље, концентрације ензима и концентрације воде у систему без органског растварача. Оптимизација процеса ензимске синтезе је извршена коришћењем ротатабилног композиционог плана. За обраду података коришћена је методологија одзивних површина. Установљено је да се утицај фактора на брзину ензимске реакције може описати моделом другог реда са три фактора, без међусобне интеракције. Статистичка анализа показује да је најзначајнији параметар количина ензима у реакционој смеши. Повишена температура је имала негативан утицај на брзину ензимске реакције, као и повећана концентрација воде. За анализу утицаја различитих фактора на брзину ензимске реакције по количини ензима, добијен је модел другог реда, са два значајна параметра са међусобном интеракцијом. Из модела се види да је модел изузетно стабилан при малом садржају воде, а да реакцији погодује велика количина воде само при ниским температурама. Највећи принос, од 10,15 mol kg -1 ензима, остварен је при следећим параметрима реакције: 45 °C, моларни однос метанол/уље 6:1 и без додате воде у систем. 
